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(57) ABSTRACT

An information processing apparatus includes an acquisition
unit configured to acquire a plurality of positions on a surface
of a measurement target object using information of light
reflected from the measurement target object on which struc-
tured light is projected, a position of a light source of the
structured light, and a position of a light reception unit con-
figured to receive the reflected light and acquire the informa-
tion of the reflected light, a calculation unit configured to
acquire at least one of a position and a direction on the surface
of'the measurement target object based on the plurality of the
positions, and a correction unit configured to correct at least
one of the plurality of the positions based on information
about an error in measurement for acquiring the plurality of
the positions and at least one of the position and the direction
on the surface of the measurement target object.

15 Claims, 8 Drawing Sheets
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INFORMATION PROCESSING APPARATUS
AND INFORMATION PROCESSING METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an information processing
apparatus for performing three-dimensional measurement on
a measurement target object, and an information processing
method.

2. Description of the Related Art

For measurement of a shape, a position, and an orientation
of an object to be measured in a three-dimensional space, a
measurement apparatus for measuring depth information of a
surface of the object to be measured with respect to an imag-
ing apparatus has been provided. Especially, in a non-contact
type measurement apparatus, methods for measuring depth
information to a measurement target by analyzing reflected
light of light emitted onto the measurement target are widely
used.

The measuring methods include, for example, a light-sec-
tion method and a spatial coding method in which an imaging
apparatus (camera) captures an image of a measurement tar-
get onto which known structured light is projected, and depth
information is calculated using a trigonometric method from
the light source position, the camera position, and the pattern
position on the captured image. Further, the methods for
calculating the position and orientation of the measurement
target often uses a method for fitting a shape model of the
measurement target to depth information or a two-dimen-
sional image.

A position and orientation measurement method by model
fitting is discussed in a document 1, P. J. Besl and N. D.
Mckay, “A Method for Registration of 3-D Shapes”, IEEE
Transactions on Pattern Analysis and Machine Intelligence,
Vol. 14, No. 2, pp. 239-256, 1992. In the method discussed in
the document 1, the position and orientation of an object are
estimated by performing nearest neighbor search on corre-
spondence of measurement points acquired from depth infor-
mation and a shape model surface, and minimizing the cor-
responding distances.

However, when a user acquires the depth information
(three-dimensional position) of the measurement target
according to the above-described conventional method, the
acquirement accuracy of the depth information may decrease
depending on various conditions.

For example, it is assumed that a receiving unit receives
reflected light of structured light projected onto a measure-
ment target, and the depth information is measured using a
trigonometric method. In such a case, if the target object is a
semi-transparent object made of a material containing plastic
or wax, the light scatters in the target object (i.e., subsurface
scattering). Due to the subsurface scattering, the projection
light is measured at a position deviating from the projection
position. As a result, the distance value different from a true
distance value is measured.

In another case, if the measurement target object is a mate-
rial which causes anisotropic reflection such as mica, metal,
shiny fiber, or the like, the accuracy in the depth information
acquisition may be decreased due to the anisotropic reflec-
tion. Further, depending on the calibration accuracy of a
camera (imaging apparatus), the depth information acquisi-
tion accuracy may decrease.

To deal with the subsurface scattering, a method is dis-
cussed in the document 2, M. Gupta, Y. Tian, S. G. Narasim-
han, and L. Zhang, “(De) Focusing on Global Light Transport
for Active Scene Recovery”, IEEE Computer Vision and Pat-
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tern Recognition (CVPR) 2009. In the method, using a phe-
nomenon in which a high-frequency pattern is attenuated due
to subsurface scattering, a projection pattern in a phase shift
method is converted into a high-frequency pattern.

By the method discussed in the document 2, a distance
value can be measured while effects due to indirect reflection
components such as the subsurface scattering are reduced.
However, such a method takes time for the measurement
because a plurality of times of projection of high-frequency
patterns by shifting phases is required in addition to projec-
tion of a pattern minimum required to the distance measure-
ment. Moreover, in the method discussed in the document 2,
if an object to be measured may have a subsurface scattering
characteristic, the object is measured using scatter compo-
nents on the surface, so that the information of the subsurface
scattering is not used.

SUMMARY OF THE INVENTION

The present invention is directed to preventing the decline
in the accuracy of the three-dimensional position acquisition
of'a measurement target object due to a measurement error in
a method for performing three-dimensional measurement
using reflected light from the measurement target object.

According to an aspect of the present invention, an infor-
mation processing apparatus includes an acquisition unit con-
figured to acquire a plurality of positions on a surface of a
measurement target object using information of light
reflected from the measurement target object on which struc-
tured light is projected, a position of a light source of the
structured light, and a position of a light reception unit con-
figured to receive the reflected light and acquire the informa-
tion of the reflected light, a calculation unit configured to
acquire at least one of a position and a direction on the surface
of'the measurement target object based on the plurality of the
positions, and a correction unit configured to correct at least
one of the plurality of the positions based on information
about an error in measurement for acquiring the plurality of
the positions and at least one of the position and the direction
on the surface of the measurement target object.

Further features and aspects of the present invention will
become apparent from the following detailed description of
exemplary embodiments with reference to the attached draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate exemplary
embodiments, features, and aspects of the invention and,
together with the description, serve to explain the principles
of the invention.

FIGS. 1A and 1B are conceptual diagrams illustrating
depth information acquisition of a semi-transparent object.

FIG. 2 illustrates a configuration of an information pro-
cessing apparatus according to a first exemplary embodiment
of the present invention.

FIG. 3 is a flowchart illustrating a procedure in depth
information correction processing according to the first
exemplary embodiment.

FIG. 4 is a conceptual diagram illustrating a single scatter-
ing model.

FIG. 5 illustrates a configuration of an information pro-
cessing apparatus according to a second exemplary embodi-
ment.
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FIG. 6 is a flowchart illustrating a procedure in depth
information correction processing according to the second
exemplary embodiment.

FIG. 7 illustrates a configuration of an information pro-
cessing apparatus according to a third exemplary embodi-
ment, where the apparatus is used for an operation of a target
object by a robotic arm.

DESCRIPTION OF THE EMBODIMENTS

Various exemplary embodiments, features, and aspects of
the invention will be described in detail below with reference
to the drawings.

In a first exemplary embodiment, structured light is pro-
jected onto a measurement target object from a light source,
and reflected light from the measurement target object is
received by a light reception unit. Depth information from the
light reception unit to the measurement target object can be
acquired from information of the reflected light received by
the light reception unit using a trigonometric method. The
acquired depth information is corrected based on a position
and a direction of a surface of the measurement target object.

In the above-described depth information calculation
method using the trigonometric method, as in the conceptual
diagram illustrated in FIG. 1A, it is assumed that the light
reflected on the surface of the measurement target object is
basically received by the light reception unit.

However, in a case where the measurement target object is
a semi-transparent object as illustrated in FIG. 1B, the light
projected from the light source penetrates and scatters in the
object. As aresult, the light comes out from the object and the
light reflected on the surface of the object are observed. Such
a phenomenon is referred to as subsurface scattering.

In the subsurface scattering, according to the material of
the object, the light scatters in the direction that the light
proceeds or scatters in the opposite direction. Therefore, the
luminance distribution of the light received by the light recep-
tion unit differs from that of when the light is reflected only on
the surface of the object, and a peak point in the luminance
distribution may be deviated or the distribution may not be
isotropic. In such a case, an observation position deviates
from the light projection position and a position different
from the object surface is measured as the depth information.

The occurrence of the subsurface scattering of the mea-
surement target object is described above as one of the causes
of'the decrease in the depth information acquisition accuracy.
However, the other causes of the decrease in the depth infor-
mation acquisition accuracy include occurrence of anisotro-
pic reflection on the measurement target object. In addition,
the decrease in the depth information acquisition accuracy
may be caused by calibration accuracy of the camera (imag-
ing unit).

To deal with the error in the depth information acquisition,
the exemplary embodiment of the present invention is
focused on a fact that the error in the depth information
acquisition depends on the positions and the orientations of
the light source and the light reception unit, and the position
and the direction of the surface of the measurement target
object. In other words, a correction amount of a position of a
measurement point is acquired from a relationship between
information about errors in the measurement (optical charac-
teristics such as subsurface scattering and anisotropic reflec-
tion, and calibration accuracy) and an inclination of the sur-
face of the measurement target object.

More specifically, correction amounts corresponding to the
positions and orientations of the light source and the light
reception unit, and positions and directions of arbitrary points
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of'the target object are stored in a database (look-up table) in
advance. By using the position and the orientation of the
measurement point calculated from the measured depth infor-
mation as a key, the depth information is corrected using the
correction amount extracted from the database.

FIG. 2 illustrates a configuration of an information pro-
cessing apparatus 1 according to the present exemplary
embodiment. As illustrated in FIG. 2, the information pro-
cessing apparatus 1 includes a distance measurement unit
110, a surface information acquisition unit 120, and a depth
information correction unit 130. Hereinafter, the components
in the information processing apparatus 1 are described.

The distance measurement unit 110 functions as a first
acquisition unit. The distance measurement unit 110 acquires
depth information of a measurement target object using a
trigonometric method from a result of reception of light
reflected from the measurement target object by the light
reception unit. The reflected light is acquired by projecting
structured light onto the measurement target object. The
structured light is projected to the measurement target object
to calculate a shape, a position, and an orientation of the
measurement target object to be used in a light-section
method, a spatial coding method, and the like.

In the present exemplary embodiment, a slit light beam is
used as the structured light, and a camera is used as the light
reception unit. The different slit light beams and images cor-
responding to the light beams are captured in a plurality of
times, and a distance image is formed therefrom using the
light-section method. The distance measurement method is
not limited to the above-described method. Any method
based on the trigonometric method such as a spatial coding
method, a spot light projection method, or a pattern projection
method can be employed.

Consequently, any types of structured light, such as pattern
light or spot light, can be used as long as it can specify a
position of a light source. In the spatial coding method, for
example, pattern light of negative/positive inversion is pro-
jected, from a difference between an image acquired by pro-
jecting a negative pattern and an image acquired by projecting
apositive pattern, an intersection point on which the large and
small of luminance values of these images are inverted is
detected, and the depth information is calculated using the
trigonometric method. Even in this calculation, if the target
object is semi-transparent, the position of the intersection
point deviates because the received luminance distribution is
not isotropic, and as a result, the calculated depth information
includes errors. In the spot light projection method, similarly
to the light-section method, a projected position on the sur-
face of the object deviates from an observation position.

The reception unit is not limited to the camera. Any mecha-
nism, such as a photodiode having a slit for detecting a direc-
tion of incident light, capable of detecting projected light and
the direction of the light can be employed.

If the measurement target object is a semi-transparent
object (object which largely causes subsurface scattering),
different from the above-described case in which the light is
reflected only on the surface of the object, a peak point in the
luminance distribution deviates or the distribution is not iso-
tropic.

In the light-section method, a position of the projected slit
light is detected from the image captured by the camera, and
the depth information is calculated using the trigonometric
method. The slit light has a predetermined width, and the
captured image is binarized and the center of the slit light
region is used as an observation position of the slit light. In the
case of the semi-transparent object, the luminance distribu-
tion of the received light is not isotropic. As a result, the
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central position of the observed slit light deviates, and the
calculated depth information includes errors.

In addition, in a case where the observation position of the
slit light is not set at the central position but set at a peak
position of the slit light in the captured image, the peak
position is observed at a position deviated from the surface of
the object. Thus, the calculated depth information includes
errors. The errors are corrected by the depth information
correction unit 130 which is described below.

The surface information acquisition unit 120 functions as a
second acquisition unit. The surface information acquisition
unit 120 calculates the depth information, that is the position
and direction of the measurement point of the target object
acquired by the distance measurement unit 110. The distance
measurement provides a three-dimensional position of the
measurement point. The slope of the measurement point is
equivalent to the normal direction of the measurement point.

The normal direction of the measurement point can be
calculated by performing a principal component analysis
with respect to a target measurement point and neighbor
measurement points, and defining a third main component as
the normal direction. Alternatively, by performing surface
fitting to positions of the target measurement point and the
neighbor measurement points, the normal direction can be
calculated. The method of expressing the direction is not
limited to the normal line vector as long as the direction of the
measurement point is expressed, and alternatively, two vec-
tors orthogonal to the normal line can be employed.

The depth information correction unit 130 corrects the
depth information, that is, the three-dimensional position of
the measurement point based on the measurement point
group of the target object acquired by the distance measure-
ment unit 110, the directions of the individual measurement
points acquired by the surface information acquisition unit
120, and the positions and the orientations of the light source
and the light reception unit in the distance measurement unit
110.

Inreality, the relative positions and orientations of the light
source and the camera are already defined by calibration.
Accordingly, a correction amount corresponding to the posi-
tion and direction of the measurement point is extracted from
the correction amount database provided in advance, and the
correction amount is added to the three-dimensional position
of the measurement point to correct the depth information,
and the corrected data is output. The method for creating the
correction amount database is described with reference to the
flowchart described below.

In the extraction of the correction amount from the data-
base, if positions and orientations of points are close, the
correction values are close too. Consequently, if the position
and the direction of a key point do not exist in the correction
amount database, the correction amount can be calculated by
interpolating from correction amounts of points having close
positions and orientations. Alternatively, the position and ori-
entation and the correction amount of the point may be put
into a polynomial or a trigonometric function as parameters to
generate a correction function for returning a correction
amount using the position and orientation of the point as
arguments, and the value may be used.

The values to be input in the correction amount database or
in the use of the correction function are the position and
direction of an arbitrary point acquired by the surface infor-
mation acquisition unit 120. Accordingly, the key or the argu-
mentused in the creation of the correction amount database or
the correction function may be a position and a direction of a
point calculated from a measurement point considering
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effects due to subsurface scattering, not the original position
and direction of an arbitrary point of the target object.

Hereinafter, the depth information correction method
according to the present exemplary embodiment is described
with reference to the flowcharts in FIG. 3. The left flowchart
in FIG. 3 illustrates processing for creating the correction
amount database in off-line processing. The right flowchart in
FIG. 3 illustrates processing for correcting the depth infor-
mation in run-time processing. With reference to the left
flowchart in FIG. 3, the processing for creating the above-
described correction amount database is described.

In step S0010, distance measurement of the measurement
target object is performed. First, the measurement target
object or a member of the same material as the measurement
target object is fixed on a stage whose inclination can be
controlled. Then, the distance measurement unit 110 mea-
sures depth information (three-dimensional position) of the
target object by variously changing positions and orienta-
tions.

Next, the measurement target object is coated so that light
is scattered and reflected on the surface of the measurement
target object. Then, the distance measurement unit 110 mea-
sures the depth information (three-dimensional position) of
the target object by variously changing the positions and
orientations under the same conditions. The measured depth
information pieces are transferred to the processing in step
S0020.

In step S0020, a correction amount database is created.
First, with respect to an arbitrary point on the surface of the
measurement target object, using the depth information mea-
sured in step S0010, a difference between the positions of the
point before and after the coating is acquired and registered as
a correction amount in the database. Further, the position and
the orientation of the measurement target object is registered
in the correction amount database as a key for the database.

In the above-described processing in step S0010, the mea-
surement target object or the member of the same material as
the measurement target object is fixed on the stage. However,
the stage is not necessarily used if the position and orientation
of the measurement target object or those of the member of
the same material can be measured, and the positions and the
orientations can be changed.

For example, if the measurement target object is fixed on a
marker on which a known pattern is printed, the position and
orientation of the target object can be measured from a cap-
tured image of the marker. In such a case, the position and the
orientation of the marker and the measurement target object
can be manually changed and the depth information can be
measured. With respect to the measurement by coating the
measurement target object, the coating can be omitted if the
depth information of the measurement target object or the
member of the same material can be measured without effects
due to subsurface scattering. For example, a contact sensor
can be used, or an object of the same shape and a different
material can be used instead of the coated object. Further, if
the measurement target object is an object having an aniso-
tropic reflection characteristic, and the anisotropic reflection
is to be corrected, an object of the same shape as the mea-
surement target object and not having the anisotropic reflec-
tion characteristic can be used.

With reference to the right flowchart in FIG. 3, the run-time
processing for correcting the depth information of the mea-
surement target object is described. The run-time processing
is executed by the individual units in FIG. 1. Alternatively, the
run-time processing can be executed by a computer including
a recording medium storing a computer program for imple-
menting the processing.
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In step S1010, the distance measurement unit 110 mea-
sures the depth information (three-dimensional position) of
the measurement target object. The measured depth informa-
tion is transferred to the processing in step S1020.

In step S1020, the surface information acquisition unit 120
calculates the position and the direction of the measurement
point on the surface of the measurement target object using
the depth information of the measurement target object
acquired in step S1010. The calculated position and the direc-
tion of the measurement point are transferred to the process-
ing in step S1030.

In step S1030, the depth information correction unit 130
corrects the depth information using the position and the
direction of the measurement point acquired in step S1020
and the correction amount database, and outputs the data.

By the above-described processing, the errors in the depth
information acquisition can be appropriately corrected, and
accurate depth information can be acquired. Especially, in the
case where the measurement target object largely causes the
subsurface scattering, the accuracy in the depth information
acquisition can be significantly increased.

In a first modification of the first exemplary embodiment,
the depth information is corrected by repeating the processing
in the surface information acquisition unit 120 and the depth
information correction unit 130 until the directions of the
measurement points are converged.

In the first exemplary embodiment, the depth information
correction is performed once. However, the position and the
direction of the arbitrary measurement point acquired by the
surface information acquisition unit 120 are values calculated
from the position of the measurement point including errors
caused by the subsurface scattering. Therefore, the position
and the direction acquired from such value may include
errors.

To solve the issue, in the present modification, with respect
to the position of the measurement point corrected by the
depth information correction unit 130 in step S1030, the
direction of the measurement point is calculated by the sur-
face information acquisition unit 120 by returning to the
processing in step S1020 again.

Based on the newly calculated position and direction of the
measurement point, in step S1030, the depth information
correction unit 130 corrects the depth information of the
measurement point, that is, the three-dimensional position of
the measurement point. In the present modification, in step
S1020, the processing is repeated until the change in the
position and the direction of the measurement point calcu-
lated by the surface information acquisition unit 120 has a
value less than or equal to a predetermined threshold, and the
depth information is corrected. Alternatively, the depth infor-
mation pieces acquired by each repeated processing can be
averaged to reduce the errors.

By the above-described processing according to the
present modification, the errors in the depth information
acquisition can be corrected with a high degree of accuracy,
and accurate depth information can be acquired.

In a second modification of the first exemplary embodi-
ment, a surface observation positional deviation amount is
stored in the correction amount database used in the depth
information correction unit 130 in the first exemplary
embodiment.

In the first exemplary embodiment, with respect to the
arbitrary point on the surface of the measurement target
object, the difference of the positions of the measurement
point in the case of the semi-transparent measurement target
object and in the case of the opaque measurement target
object are registered in the correction amount database and
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the values are used. However, the processing can be imple-
mented without registering the correction amounts them-
selves in the correction amount database.

For example, a difference between a position of the struc-
tured light incident on the surface of the measurement target
object and a position at which the structured light is mea-
sured, in other words, a surface observation positional devia-
tion amount can be registered in the database and the values
can be used. The surface observation positional deviation
amount at an arbitrary point of the measurement target object
can be acquired by calculating a difference between an obser-
vation position of the structured light on a semi-transparent
object and an observation position of the structured light on
an object that is made opaque by the coating.

To use the surface observation positional deviation
amount, the depth information correction unit 130 acquires
the surface observation positional deviation amount from the
database based on the position and slope of the measurement
point. The processing functions as a surface observation posi-
tional deviation amount acquisition unit. The surface obser-
vation positional deviation amount is added to the position
where the light reception unit observes reflection of the struc-
tured light, and the depth information is calculated again
based on the trigonometric method similar to that used in the
distance measurement unit 110 to correct the depth informa-
tion.

Similarly to the first exemplary embodiment, the surface
observation positional deviation amount can be interpolated
from surface observation positional deviation amounts of
points having close positions and orientations. Alternatively,
the position and the orientation and the surface observation
positional deviation amount of the point may be put into a
polynomial or a trigonometric function as parameters to gen-
erate a function for returning a correction amount using the
position and the orientation of the point as arguments, and the
values may be used.

By using the present modification, various cases in which
three-dimensional measurement is needed can be handled.

In a third modification of the first exemplary embodiment,
the correction amount database used in the depth information
correction unit 130 in the first exemplary embodiment is
created not by the measurement performed in advance but by
a simulation of an optical phenomenon.

In step S0010 in the left flowchart in FIG. 3, by simulating
the processes in the depth information calculation performed
in the distance measurement unit 110, the correction amount
database used in the depth information correction unit 130 is
created.

In the simulation, the positions of the light source and the
reception unit in the distance measurement unit 110 are
known. It is assumed that the pattern of the slit light projected
in the light-section method performed by the distance mea-
surement unit 110 is known. Further, it is also assumed that
object characteristics such as the shape, the reflectivity, the
refractive index, the scattering coefficient, and the absorption
coefficient of the measurement target object are known.

Based on these information pieces, it is possible to calcu-
late the light, by the Monte Carlo simulation. The Monte
Carlo simulation is a simulation method using random num-
ber. The light is the projection pattern light from the light
source which is incident on the measurement target object,
repeatedly refracted and reflected in the object, emitted from
the object surface, and incident on the camera functioning as
the light reception unit.

By the processing, with respect to various positions and
orientations of the target object, images when the target object
on which the structured light is projected is captured by the
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camera as the light reception unit can be created. Using the
created images, the depth information can be calculated using
a depth information calculation method based on the trigo-
nometric method similar to that used in the distance measure-
ment unit 110. Accordingly, with respect to an arbitrary point
on the target object surface, a difference between positions of
the measurement points in a case the simulation of the target
object of a semi-transparent object and that of an opaque
object are used as the correction amount, and the position and
the orientation of the point are registered as keys in the cor-
rection amount database.

The computer simulation method is not limited to the
Monte Carlo simulation, and any method that can reproduce
the optical phenomenon such as subsurface scattering and
anisotropic reflection can be employed. For example, an
approximation model of modeling single scattering or mul-
tiple scattering employed in a fourth modification described
below can be used.

The optical phenomenon to be the target in the simulation
is not limited to only the light-section method. For example,
a spatial coding method, a spot light projection method, and
the like used in the distance measurement unit 110 can be
simulated. By using the present modification, the time and
effort necessary for the measurement performed in advance
can be largely reduced.

In the second modification, the case of measuring the sur-
face observation positional deviation amount from the actual
measurement data in advance is described. In the fourth
modification of the first exemplary embodiment, it is
described a case that the surface observation positional devia-
tion amount is calculated by the optical simulation in run-
time processing and the values are used without providing the
database in advance, in other words, without performing the
off-line processing in step S0010 and step S0020.

Except for specular reflection components, the view of a
semi-transparent object can be approximately modeled by
both of multiple scattering and single scattering (see, Henrik
W. Jensen, Stephen R. Marschner, Marc Levoy, and Pat Han-
rahan, “A Practical Model for Subsurface Light Transport”,
SIGGRAPH ’01: Proceedings of the 28th annual conference
on Computer graphics and interactive techniques, pp. 511-
518,2001). The multiple scattering is a phenomenon in which
incident light repeats reflection a plurality of times in an
object, and comes out from the object surface. The single
scattering is a phenomenon in which incident light reflects
once in an object and comes out from the object surface. In the
multiple scattering, the incident light isotropically scatters
from the incident position as the center, and consequently, the
intensity distribution of the reflected light of the light pro-
jected on the object becomes gentle. As a result, the observa-
tion position deviates little from the light incident position,
and the deviation has a little impact on the distance measure-
ment. However, in the single scattering, according to the
incident direction and the observation direction of the light,
and the refractive index of the object, the position of the
structured light captured by the light reception unit is
observed at a position deviated from the incident position of
the light on the object surface.

To solve the issue, based on the model of the single scat-
tering, the surface observation positional deviation amount is
calculated. Since the positions and the orientations of the light
source and the camera that functions as the light reception
unit are known, an incident direction L. of the light from the
light source and an observation direction V of the light recep-
tion unit are known. It is assumed that a refractive index m in
the characteristics of the target object is known. Further, the
position and the direction of the point for correcting the depth
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information by the surface information acquisition unit 120
are known. If it is assumed that the point is a locally plane
surface, a light path from the light source to the light reception
unit in the single scattering can be calculated as follows.

FIG. 4 is a conceptual diagram illustrating the single scat-
tering model. For the sake of simplicity, it is assumed that the
space is a two-dimensional space, however, in a three-dimen-
sional space, the calculation can be similarly performed. In
the drawing, if the relative refractive index n of the target
object with respect to the air is set, and an incident angle 01
and an output angle 60 are acquired from the position and the
direction of the target point acquired by the surface informa-
tion acquisition unit 120, a light source direction L, and an
observation direction V. Further, an average distance (mean
free path) that the light travels in a straight line without hitting
the component material of the target object is set to “d”. Then,
the distance s between an incident point Xi and an output
point Xo of the light with respect to the target object, namely
the surface observation positional deviation amount, can be
calculated by the following equation 1.

s=d{sin(arcsin(sin(67)/m))+cos(arcsin(sin(07)/m))tan

(arcsin(sin(6o)m)} equation 1

Consequently, a surface observation positional deviation
amount acquisition unit in the depth information correction
unit 130 in step S1030 acquires the surface observation posi-
tional deviation amount using the equation 1. The acquired
value is added to the position at which the light reception unit
observes reflection of the structured light. Then, the depth
information is calculated again based on the trigonometric
method similar to that used in the distance measurement unit
110, and the depth information is corrected and output.

The simulation method is not limited to the above-de-
scribed method, and any method that can reproduce the opti-
cal phenomenon of the semi-transparent object can be
employed. For example, the method using the Monte Carlo
simulation employed in the third modification can be used. In
the present modification, while the effort of creating the cor-
rection amount database in advance is reduced, the errors in
the depth information acquisition can be appropriately cor-
rected, and accurate depth information can be acquired.

In a second exemplary embodiment, different from the first
exemplary embodiment, the surface information acquisition
unit does not directly calculate the position and direction of
the measurement point from the depth information of the
target object, but performs calculation by fitting a shape
model of the measurement target object to a measurement
point group.

FIG. 5 illustrates a configuration of an information pro-
cessing apparatus 2 according to the present exemplary
embodiment. As illustrated in FIG. 5, the information pro-
cessing apparatus 2 includes a distance measurement unit
210, a position and orientation calculation unit 220, a surface
information acquisition unit 230, and a depth information
correction unit 240. Hereinafter, the components in the infor-
mation processing apparatus 2 are described. The distance
measurement unit 210 and the depth information correction
unit 240 are similar to those in the first exemplary embodi-
ment.

The position and orientation calculation unit 220 estimates
a position and an orientation of a target object by fitting a
shape model of the target object to the depth information
acquired by the distance measurement unit 210, that is, the
measured three-dimensional point group. In the model fitting,
nearest neighbor search is performed on the correspondence
between a measurement point and a surface of the shape
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model, and a distance in the correspondence is minimized
(see the above-described document 1).

The position and orientation calculation method is not
limited to the above-described method, and any method
capable of calculating a position and an orientation of a target
objectcanbe employed. For example, as in Spin Images [in A.
E. Johnson and M. Hebert, “Using Spin Images for Efficient
Object Recognition in Cluttered 3D Scenes”, IEEE Transac-
tions on Pattern Analysis and Machine Intelligence, Vol. 21,
No. 5, pp. 433-449, 1999], a position and an orientation of a
target object can be calculated by calculating a feature
amount from a distance image, matching the feature amount
to that calculated from a shape model, and minimizing a
distance between the associated feature amounts.

The surface information acquisition unit 230 uses the posi-
tion and the orientation of the target object acquired by the
position and orientation calculation unit 220 to acquire a
position and a direction of an arbitrary point on the target
object surface. First, the surface information acquisition unit
230 searches a point on the shape model surface correspond-
ing to a measurement point to be corrected in the depth
information by nearest neighbor search or a projection
method. Then, the surface information acquisition unit 230
outputs the position and the normal line of the found corre-
sponding point on the shape model surface as the point and
the direction of the target point. The data is used in the depth
information correction unit 240.

Similarly to the first exemplary embodiment, the depth
information correction unit 240 uses the position and the
direction of the target point acquired by the surface informa-
tion acquisition unit 230 to correct the depth information
measured by the distance measurement unit 210, and outputs
the corrected information.

Hereinafter, the depth information correction method
according to the present exemplary embodiment is described
with reference to the flowcharts in FIG. 6.

The processing in steps S2010 and S2020 for creating the
correction amount database in advance in off-line processing
is similar to that in steps S0010 and S0020 in the first exem-
plary embodiment. The run-time processing for correcting
the depth information of the measurement target object is
described.

In step S3010, the distance measurement unit 210 mea-
sures the depth information of the acquired target object, and
transfers the data to the processing in steps S3020 and S3030.

In step S3020, the position and orientation calculation unit
220 estimates the position and the orientation of the target
object by fitting the shape model of the target object to the
depth information of the target object acquired in step S3010,
that is, the measured three-dimensional point group. The
position and orientation calculation unit 220 transfers the
calculated position and the orientation of the target object to
the processing in step S3030.

In step S3030, the surface information acquisition unit 230
calculates a position and a direction of a point on the shape
model surface corresponding to the measurement point
acquired in step S3010 using the position and the orientation
of the target object acquired in step S3020, and transfers the
data to the processing in step S3040.

In step S3040, the depth information correction unit 240
corrects the depth information using the position and the
direction of the measurement point acquired in step S3030
and the correction amount database, and outputs the data.

Similarly to the first modification in the first exemplary
embodiment, the processing in steps S3020, S3030, and
S3040 can be repeatedly performed to correct the depth infor-
mation. In such a case, with respect to the position of the
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measurement point corrected in step S3040 by the depth
information correction unit 240, in step S3020, the position
and orientation calculation unit 220 calculates the position
and the orientation of the target object again, and in step
S3030, the surface information acquisition unit 230 calcu-
lates the position and the direction of the measurement point.
Then, based on the newly calculated position and direction of
the measurement point, in step S3040, the depth information
correction unit 240 corrects the depth information of the
measurement point, that is, the three-dimensional position of
the measurement point. The processing is repeated to correct
the depth information until the change in the position and the
orientation of the target object calculated by the position and
orientation calculation unit 220 in step S3020 will be a value
less than or equal to a predetermined threshold.

Inthe above-described processing, in step S3020, the posi-
tion and orientation calculation unit 220 calculates the posi-
tion and the orientation of the measurement target object, and
the depth information is corrected and output. However, the
output information is not limited to the depth information.
Alternatively, the position and the orientation of the measure-
ment target object calculated by the position and orientation
calculation unit 220 can be output.

An application example of the information processing
apparatus 2 described in the second exemplary embodiment
includes application to a hand part of a robot arm. The infor-
mation processing apparatus 2 can be installed to the hand
part of the robot arm to measure a position and an orientation
of an object held by the hand part as a measurement target
object. The application example of the information process-
ing apparatus 2 according to a third exemplary embodiment is
described with reference to FIG. 7.

A robotic arm 30 is driven by control of a robot controller
40. The light source 10 and the light reception unit 20 used in
the first exemplary embodiment of the present invention are
fixed to the robotic arm 30 with a jig, and controlled by the
information processing apparatus 2. An operation of the
robotic arm. 30 is to pick up a target object 50 using an arm
grasping part. The information processing apparatus 2
projects structured light for measurement and captures an
image, corrects the depth information using the correction
amount database, and sequentially estimates relative posi-
tions and orientations of the arm grasping part and the target
object 50. The robotic arm 30 is connected by a cable to
transmit the estimation result as control parameters of the
robot controller 40. By using the estimated position and ori-
entation of the target object 50, the robotic arm 30 grasps the
target object 50.

If the position and orientation calculation unit 220 in the
information processing apparatus 2 uses a rough position and
a rough orientation for model fitting, values to which offsets
for the jig are added can be transmitted to the installation
position of the industrial robot arm 30 controlled by the robot
controller 40. With respect to the shape model used in the
model fitting, a computer-aided design (CAD) model of the
target object 50 is converted into a format that can be read by
the information processing apparatus 2 and input to the shape
model. When the target object is changed, a corresponding
shape model is input in each time, so that a plurality of kinds
of'target objects can be handled. In such a case, a shape model
stored in the apparatus in advance can be selected, or the
stored shape models can be switched using a recognition
result of the type of the part by a different parts recognition
device.

By performing the processing according to the present
exemplary embodiment, the robotic arm 30 can accurately
grasp an object that is difficult to be measured, such as a
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semi-transparent object and an anisotropic reflection object.
As aresult, precision assembly with the robotic arm 30 can be
realized.

According to the first exemplary embodiment, the reflected
light of'the structured light projected from the light source to
a measurement target object such as a semi-transparent
object, an anisotropic reflection object, and a specular reflec-
tion object is received on the light reception unit. The depth
information from the light reception unit to the measurement
target object is acquired, using the trigonometric method,
from the information of the reflected light. Then, the acquired
depth information is corrected based on the position and the
direction of the surface of the measurement target object.
According to the present exemplary embodiment, errors in
the depth information acquisition can be appropriately cor-
rected, and accurate depth information can be acquired. Espe-
cially, in the case where the measurement target object largely
causes subsurface scattering, anisotropic reflection, specular
reflection, or the like, the accuracy in the depth information
acquisition can be significantly increased.

In the first modification of the first exemplary embodiment,
correction amount databases corresponding to a plurality of
objects, materials, thicknesses of the materials, and the like
are created in advance. In the run-time processing, the cor-
rection amount database is selected according to a target
object, the material of the target object, or the thickness of the
material of the target object. According to the present modi-
fication, the correction amount databases can be shared. As a
result, in performing only the run-time processing for correct-
ing the depth information of the target object, the time and
effort to create a correction amount database can be reduced.

In the second modification of the first exemplary embodi-
ment, the depth information correction processing is repeat-
edly performed. According to the present modification, errors
in the depth information acquisition can be corrected with a
high degree of accuracy, and accurate depth information can
be acquired.

In the third modification of the first exemplary embodi-
ment, for the correction amount database, a difference
between a position of the structured light incident on the
measurement target object surface and a position at which the
structured light is observed is registered and used. In the
present modification, optical phenomena are more directly
modeled, and consequently, optical analysis of the databases
can be easily performed. Further, the function approximation
of'the database can be performed more easily, expressionin a
low-order function, or further accurate function approxima-
tion can be performed.

In the fourth modification of the first exemplary embodi-
ment, the correction amount database is created by simulating
an optical phenomenon that causes measurement errors.
According to the present modification, the time and effort
necessary for the measurement performed in advance can be
largely reduced.

In the fifth modification of the first exemplary embodi-
ment, the database is not prepared in advance, a surface
observation positional deviation amount is calculated by an
optical simulation in the run-time processing, and the calcu-
lated amounts are used. According to the present modifica-
tion, while the time and effort of creating the correction
amount database in advance is reduced, the errors in the depth
information acquisition can be appropriately corrected, and
accurate depth information can be acquired.

In the second exemplary embodiment, a plurality of posi-
tions and directions to be calculated from the depth informa-
tion of the target object are calculated by fitting a shape model
of the measurement target object to a measurement point
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group. According to the present exemplary embodiment,
accurate positions and directions of the measurement points
can be calculated. Consequently, errors in the depth informa-
tion acquisition can be corrected with a high degree of accu-
racy, and accurate depth information can be acquired.

In the third exemplary embodiment, the application
example of the present invention, which is applied to a robot
arm to grasp a target object, is described. According to the
present exemplary embodiment, the robot arm can accurately
grasp an object that is difficult to be measured such as a
semi-transparent object and an anisotropic reflection object.
As aresult, the precision assembly with the robotic arm can be
realized.

The distance measurement unit according to the present
exemplary embodiments of the present invention can be
implemented by any method of receiving the structured light
projected from the light source by the light reception unit, and
measuring a distance using the trigonometric method. The
method includes the light-section method described in the
first exemplary embodiment, a spatial coding method or a
spot light projection method for projecting a plurality of gray
code patterns, a grid pattern projection method for projecting
a grid pattern, and a multi-slit light projection method in
which a reference line pattern is added.

The surface information acquisition unit according to the
present exemplary embodiments of the present invention can
be implemented by any method capable of calculating the
depth information, that is, the position and the direction of the
measurement point of a target object measured by the dis-
tance measurement unit. As described in the first exemplary
embodiment, the measurement value of the position of the
measurement point can be directly used, or the direction of
the measurement point can be calculated by performing a
principal component analysis with respect to the positions of
neighbor measurement points, and defining the third main
component as the normal line. Alternatively, the direction of
the measurement point can be calculated by performing sur-
face fitting with respect to positions of the target measure-
ment point and neighbor measurement points. Alternatively,
the position and the direction of the measurement point can be
calculated by performing model fitting to a measurement
point group.

The depth information correction unit according to the
present exemplary embodiments of the present invention can
be implemented by any method capable of correcting a three-
dimensional position of a measurement point based on the
positions of the light source and the light reception unit, and
the depth information, that is, the position and the direction of
the measurement point. The correction can be implemented
using the correction amount database for storing correction
amounts corresponding to the positions and the directions of
the measurement points crated in advance, or by performing
an optical simulation of measurement errors caused by sub-
surface scattering, anisotropic reflection, specular reflection,
or the like using optical characteristic information of the
target object. Alternatively, without using the correction
amounts themselves, differences between positions of the
structured light incident on the surface of the measurement
target object and positions at which the structured light is
observed can be stored in the database and the values can be
used.

The correction amount database can be created by per-
forming measurement in advance, or by performing an opti-
cal simulation of measurement errors using optical character-
istic information of the target object. Alternatively, correction
amount databases corresponding to a plurality of objects,
materials, thicknesses of the materials, and the like are cre-
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ated in advance, and according to the target object, the mate-
rial of the target object, the thickness of the material of the
target object, or the like, the correction amount database can
be selected and corrected.

Aspects of the present invention can also be realized by a
computer of a system or apparatus (or devices such as a
central processing unit (CPU), a micro processing unit
(MPU), and/or the like) that reads out and executes a program
recorded on a memory device to perform the functions of the
above-described embodiments, and by a method, the steps of
which are performed by a computer of a system or apparatus
by, for example, reading out and executing a program
recorded on a memory device to perform the functions of the
above-described embodiments. For this purpose, the program
is provided to the computer for example via a network or from
a recording medium of various types serving as the memory
device (e.g., a computer-readable medium).

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
modifications, equivalent structures, and functions.

This application claims priority from Japanese Patent
Application No. 2011-131499 filed Jun. 13, 2011, which is
hereby incorporated by reference herein in its entirety.

What is claimed is:

1. An information processing apparatus comprising:

an acquisition unit configured to acquire a plurality of
positions on a surface of a measurement target object
using information of light reflected from the measure-
ment target object on which structured light is projected,
a position of a light source of the structured light, and a
position of a light reception unit configured to receive
the reflected light and acquire the information of the
reflected light;

a calculation unit configured to acquire a direction on the
surface of the measurement target object based on the
plurality of the positions;

a holding unit configured to hold a correction amount
obtained beforehand according to the direction on the
surface of the measurement target object;

an obtaining unit configured to obtain a correction value
based on the correction amount held by the holding unit
and the direction of the surface of the measurement
target object; and

a correction unit configured to correct at least one of the
plurality of the positions based on the obtained correc-
tion value.

2. The information processing apparatus according to
claim 1, wherein the correction unit corrects at least one of the
plurality of positions based on information including at least
one of information about subsurface scattering of the mea-
surement target object, information about anisotropic reflec-
tion of the measurement target object, and information about
specular reflection of the measurement target object.

3. The information processing apparatus according to
claim 1, wherein the structured light is at least one of pattern
light and slit light.

4. The information processing apparatus according to
claim 1, wherein the correction amount is obtained before-
hand according to a relative relation among a direction of the
light source, a direction of the light reception unit, and the
direction on the surface of the measurement target object.

5. The information processing apparatus according to
claim 1, wherein the calculation unit acquires at least one of
the position and the direction on the surface of the measure-
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ment target object by fitting a model of the measurement
target object to the plurality of the positions.

6. The information processing apparatus according to
claim 1, wherein the correction unit is further configured to
acquire information about an error in measurement in the
acquisition of the plurality of the positions by a computer
simulation.

7. The information processing apparatus according to
claim 1, further comprises a measurement unit configured to
acquire at least one of the position and an orientation of the
measurement target object by fitting a model of the measure-
ment target object to at least one of the plurality of the posi-
tions corrected by the correction unit.

8. The information processing apparatus according to
claim 1, wherein the correction unit corrects at least one of the
plurality of the positions based on a deviation amount
between an incident position of the structured light on the
measurement target object and an observation position of the
reflected light, and at least one of the position and the direc-
tion on the surface of the measurement target object.

9. A three-dimensional measurement apparatus compris-
ing:

a light source;

a light reception unit; and

an information processing apparatus according to claim 1.

10. The three-dimensional measurement apparatus accord-
ing to claim 9, further comprising, a position and orientation
operation unit configured to control a robot having a movable
axis including at least one of a rotation axis and a translational
motion axis, and change a position and an orientation of a
target object or the information processing apparatus based
on a plurality of positions on a surface of the measurement
target object corrected by the correction unit.

11. A method for processing information, the method com-
prising:

causing an acquisition unit to acquire a plurality of posi-

tions on a surface of a measurement target object using
information of light reflected from the measurement
target object on which structured light is projected, a
position of a light source of the structured light, and a
position of a light reception unit configured to receive
the reflected light and acquire the information of the
reflected light;

causing a calculation unit to acquire a direction on the

surface of the measurement target object based on the
plurality of the positions;

causing a holding unit to hold a correction amount obtained

beforehand according to the direction on the surface of
the measurement target object;

causing an obtaining unit to obtain a correction value based

on the correction amount held by the holding unit and the
direction of the surface of the measurement target
object; and

causing a correction unit to correct at least one of the

plurality of the positions based on the obtained correc-
tion value.

12. A non-transitory computer-readable storage medium
storing a computer program for causing a computer to func-
tion as an information processing apparatus, the information
processing apparatus comprising:

an acquisition unit configured to acquire a plurality of

positions on a surface of a measurement target object
using information of light reflected from the measure-
ment target object on which structured light is projected,
a position of a light source of the structured light, and a
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position of a light reception unit configured to receive
the reflected light and acquire the information of the
reflected light;

a calculation unit configured to acquire a direction on the
surface of the measurement target object based on the
plurality of the positions;

a holding unit configured to hold a correction amount
obtained beforehand according to the direction on the
surface of the measurement target object;

information of light reflected from the measurement
target object on which structured light is projected, a
position of a light source of the structured light, and a

18

position of a light reception unit configured to receive
the reflected light and acquire the information of the
reflected light;

causing a calculation unit to acquire at least one of a posi-
tion and a direction on the surface of the measurement
target object based on the plurality of the positions; and

causing a correction unit to correct at least one of the
plurality of the positions based on information about an
error in measurement for acquiring the plurality of the

an obtaining unit configured to obtain a correction value 10 - datl £ th - d the di
based on the correction amount held by the holding unit posmons and at least one of the position and t © aurecs
and the direction of the surface of the measurement tion on the surface of the measurement target object,
target object; and wherein the correction unit corrects at least one of the

a correction uI;it configured to correct at least one of the plurality of Fhe.positions. based on a deviation amount
plurality of the positions based on the obtained correc- 15 between an incident position of the structured. light on
tion value. the measurement target object and an observation posi-

13. An information processing apparatus comprising: tion of the reflected light, and at least one of the position

an acquisition unit configured to acquire a plurality of and theb(.hrectlon on the surface of the measurement
positions on a surface of a measurement target object 1 Sta;get object. dabl di
using information of light reflected from the measure- 20 > A pon-transitory computer-readable storage medium
ment target object on which structured light is projected, storing a computer program fqr causing a computer to fupc-
a position of a light source of the structured light, and a tion as an information processing apparatus, the information
position of a light reception unit configured to receive processing apparatus comprising: . .
the reflected light and acquire the information of the an acquisition unit configured to acquire a plurality of
reflected light; 25 positions on a surface of a measurement target object

a calculation unit configured to acquire at least one of a using 1nforma?10n of hg.ht reflected frqm the measure-
position and a direction on the surface of the measure- ment larget ObJe.Ct on which structured light 15 pro] ected,
ment target object based on the plurality of the positions; a position of a.hght source ofth.e structured light, and a
and position of a light reception unit configured to receive

a correction unit configured to correct at least one of the 30 th; reﬁzclt.ed 1.1ght and acquire the information of the
plurality of the positions based on information about an reflecte igh G .
error in measurement for acquiring the plurality of the a calcyl.atlon unit gonﬁ.gu red to acquire at least one of a
positions and at least one of the position and the direc- position and a direction on the surfa.ce of the measure-
tion on the surface of the measurement target object, ment target object based on the plurality of the positions;

wherein the correction unit corrects at least one of the 35 and . it confi d | £ th
plurality of the positions based on a deviation amount a correction unit configured to correct at least one of the
between an incident position of the structured light on plural.l ty of the positions based.o.n 1nf0rmat10n.about an
the measurement target object and an observation posi- CITOr I measurement for acquiring L he plurality Of the
tion of the reflected light, and at least one of the position p.osmoniland aft leastf 01111 ¢ of the position and th;: . direc-
and the direction on the surface of the measurement 40 tion on the surlace of the measurement target object,
target object. wherein the correction unit corrects at least one of the

14. A method for processing information, the method com- plurality of Fhe.posmons. based on a deviation amount

prising: between an incident position of the structured light on
causing an acquisition unit to acquire a plurality of posi- the measurement target object and an observation post-
tions on a surface of a measurement target object using 45 tion of the reflected light, and at least one of the position

and the direction on the surface of the measurement
target object.



